Some interpretations of R D ( * ) anomaly in B meson decay using leptoquark models can also generate top quark decays through flavor changing neutral current (FCNC). In this work we focus on two leptoquarks, i.e. scalar S 1 and vector U 1 which are both singlet under the SU (2) L gauge group in the Standard Model (SM). We investigate their implications on top FCNC decays t → c i j at tree level and t → cV at 1-loop level, with being the SM leptons and V = γ, Z, g being the SM gauge bosons. We utilize the 2σ parameter fit ranges from existing literatures and find that the branching ratios Br(t → c i j ) at tree level can reach 10 −6 ∼ 10 −5 and 1-loop process Br(t → cg) can reach 10 −7 ∼ 10 −6 . Some quick collider search prospects are also analyzed.
Introduction
The deviations of B meson decays from the Standard Model (SM) predictions have attracted a lot of attention in the past several years [1] [2] [3] [4] [5] [6] [7] . Two significant processes are R D ( * ) and R K ( * ) which are defined through ratios of Branching Ratios (Brs) as follows with q 2 = (p l + + p l − ) 2 between q 2 1 and q 2 2 in units of GeV 2 . For R D ( * ) , the recent averaged results are [8] :
2)
R SM D = 0.300 (8) , R SM D * = 0.257 (3) . (1.3) which are larger than the SM predictions at about 3.8 σ [9] [10] [11] [12] [13] [14] . For R K ( * ) , the reported measurements [15, 16] and SM predictions [17, 18] give = 0.906 ± 0.028, (1.5) which are smaller than the SM predictions at about 2.5 σ.
The observed deviations of R exp D ( * ) > R SM D ( * ) and R exp K ( * ) < R SM K ( * ) have motivated many interpretations by imposing physics beyond the SM (see a recent review in [19] and references therein). Many of the theoretical proposals introduce additional charged scalars [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and/or vectors [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] to mediate the Changed Current (CC) in R D ( * ) and Neutral Current (NC) in R K ( * ) , which can be realized in various UV-complete models. Recent discussions can also be found in [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] .
In this work we are not going to be too ambitious to explain both deviations, but limit ourselves to R D ( * ) interpretations in the Leptoquark (LQ) models and its interesting correlations to the top quark Flavor Changing Neutral Current (FCNC) decays. Recently, several studies investigated the implications of the six types of LQ models on R D ( * ) and R K ( * ) , including three scalars {S 1 , R 2 , S 3 } and three vectors {U 1 , V 2 , U 3 } where the subscript denotes 2T 3 + 1 with T 3 being the LQ's weak isospin. Results show that three of them are still capable of accommodating R D ( * ) excess while satisfying other flavor constraints, i.e. SM SU (2) L singlet scalar S 1 and vector U 1 , as well as SU (2) L doublet scalar R 2 .
In this work we concentrate on the two SU (2) L singlet scenarios, i.e. S 1 and U 1 , motivated by the simplicity and, as we will see later, the resulting clear correlation patterns between R D ( * ) explanations and the top decays through Flavor Changing Neutral Current (FCNC). Note that the benchmark parameters we utilize in numerical analysis may not be able to produce the observed R K ( * ) anomaly. For example, requiring S 1 to explain R K ( * ) appears to result in conflict with R µ/e D = Br(B → Dµν)/Br(B → Deν) [81] . On the contrary, it has been shown that U 1 can still simultaneously generate the observed R D ( * ) and R K ( * ) [82] . Putting aside the complexities in accommodating both anomalies, in this work we will exclusively investigate the R D ( * ) interpretation and the interesting correlations with the top quark FCNC when introducing LQ S 1 or U 1 . This paper is organized as follows. In Section 2 we briefly capture the Lagrangian we consider for the scalar LQ S 1 and the vector LQ U 1 and the effective operators they generate in low-energy processes for R D ( * ) . In Section 3 we present the results for top FCNC decays induced at both tree level and 1-loop level. Some collider search prospects are given in Section 4 and conclusion will be given in Section 5. Appendix includes Wilson coefficients of tcγ as an illustrative example.
2 Leptoquark S 1 and U 1 for R D ( * )
In this section we briefly capture the low-energy theory in terms of effective operators for R D ( * ) and the Wilson coefficients generated by scalar S 1 and vector U 1 , respectively. Then we present the theoretical correlations between R D ( * ) and Brs of top FCNC. We denote LQ as (SU (3) c , SU (2) L ) Y which is its representation in the SM gauge group [82, 83] . Considering the misalignments between gauge and mass eigenstates in the quark sector, we define the left-handed quark doublet as
As mentioned earlier, we will focus on two LQ modes which are both singlet under the SM SU (2) L group, i.e. scalar S 1 ≡ (3, 1) 1/3 and vector U 1 = (3, 1) 2/3 . Their interactions with the SM fields we consider are
where g ij 1L , g ij 1R and h ij 1L , h ij 1R are matrices of new Yukawa interactions in the general case. We have neglected the terms of diquark couplings to LQ to ensure the stability of proton [83] . Note again that we have chosen the form of the left-handed quark doublet as Q i = [(V † u L ) i d L i ] T in which the down-type quarks are mass eigenstates. Therefore it will be (V g 1L ) ij and (V h 1L ) ij that enter the interactions involving up-type left handed quarks.
The general low-energy effective dimension-six operators involved in B → D ( * ) τν are [62, 72] 
with l = 1, 2, 3 being the neutrino generation index.
The Wilson coefficients generated by S 1 and U 1 at the energy scale µ = M LQ are
For simplicity, in the following we only consider terms with k = 3 and V 33 ≈ 1. We note that [72] has provided the parameter ranges for various LQ models which can fit the R D ( * ) data (see Table. II therein), as well as how they confront other flavor constraints. For example, a small g 2l 1L can help S 1 pass the constraints fromB → X s νν while having available g 3l 1L g 23 *
1R
to interpret R D ( * ) . Note that there are only two parameters in our analysis when choosing a certain generation index l, i.e. g 3l 1L , g 23 1R for S 1 and h 2l 1L , h k3 1L for U 1 , which is different from the more complex textures in other works, e.g. [82, 84] . These choices can result in clear correlations between R D ( * ) and top FCNC decays, especially at tree level.
3 Leptoquark S 1 and U 1 for top FCNC Diagrams of S 1 , U 1 contributions to top FCNC at tree level t → cτ − + i and t → cν τνi are provided in Fig.1 with i denoting the lepton generation index. Square brackets indicate the chirality of couplings and replacement with particles in the round brackets generate processes involved in R D ( * ) . In Fig.2 and Fig.3 we also show the 1-loop contributions to top FCNC t → cγ from S 1 and U 1 , respectively, in which replacing external photon γ with Z boson or gluon g with applicable vertices is straightforward.
[ L] Figure 1 . Tree-level top FCNC decays considered in this work, induced by SU(2) singlet scalar LQ S 1 and vector LQ U 1 .
In numerical analysis, we utilize the parameter ranges in [72] for various LQ models which can fit the R D ( * ) data at 2σ level (see Table. II therein). We remind ourselves that moderate differences in the 2σ ranges of parameters presented in different papers do not affect the order of magnitude in top FCNC Brs we will discuss. To be more clear, the parameter ranges we take from [72] in the numerical studies are summarized in Table. 1.
Tree level
One important feature in the top FCNC decay induced at tree level by LQ S 1 and U 1 is that heavy LQ can be reasonably integrated out into effective coefficients in the amplitude, 
Leptoquark
2σ range forB → D ( * ) τν Table 1 . Parameter ranges we utilize in numerical calculations, taken from Table. II of [72] . For simplicity, we assume all parameters are real in our analysis.
, which contribute as a whole piece in both the top FCNC decay and the R D ( * ) . This infers an interesting correlation between the two processes despite the specific values of the couplings and LQ masses, as long as LQ masses are heavy enough to justify the effective coefficients as good approximations of the full calculations.
The top FCNC Brs in Fig.1 can be approximated as follows.
In the above, we take the SM parameters as m c m τ 0, m t = 172 GeV and Γ t,SM = 1.5 GeV, while g 1L g 1R
are taken from Table. 1. The analytic expressions are approximations by integrating out LQ propagators, while the numerical results are obtained from full calculations using MadGraph [85] with model files generated by FeynRules [86] .
Note again that the connection between R D ( * ) and top quark 3-body FCNC decays Br(t → c i j ) ∼ 10 −6 shown above do not depend directly on the specific values of couplings and LQ masses, but on the effective coefficients g 1L g 1R 
1-loop level
For t → cV with V = γ, g, Z at 1-loop level, the amplitudes can be expressed in the following form
where p 1 , p 2 , and k denote the 4-momenta of the incoming top quark, outgoing charm quark and the outgoing gauge boson, respectively, and µ (k, λ) is the polarization vector of the outgoing gauge boson. The vertices Γ µ can be decomposed as follows when external particles are on-shell [87] Γ
and T a are the SU (3) color generators with a = 1, ..., 8. The partial widths are
where C F = (N 2 c − 1)/2N c with N c = 3 is the Casimir factor of SU (N ) and we set m c = 0 for simplicity. We use FeynArts/FormCalc [88, 89] to perform the calculations which is then linked to LoopTools [89] to obtain numerical results. As an illustrative example, analytic expressions of the S 1 contribution to the Wilson coefficients of A γ2 , B γ2 are given in the Appendix.
In the case of scalar LQ S 1 , the numerical results are shown in Fig.4 on the plane of M S 1 versus coupling products g 1L g 1R . Here M 2 LQ enters various loop functions of the analytic results (see Appendix). Therefore different from the tree-level case, we do not have a simple coefficient g 1L g 1R M 2
S 1 for the 1-loop processes t → cV unless we impose some loop function approximations. Also note that the coupling products g 1L g 1R needs to be scaled quadratically as M LQ scales according to the fit results presented in Table. 1. We perform numerical calculations with full results while bearing in mind that analytic approximations can be attainable with large M LQ 1 . From Fig.4 we can see that the 1-loop Br(t → cg)
induced by scalar LQ S 1 can reach 10 −7 ∼ 10 −6 while interpreting R D ( * ) which is about two order of magnitude below the current experimental limit ∼ 10 −4 [90, 91] , while Brs of 1-loop t → cγ(Z) are one (two) order of magnitude smaller. In the case of vector LQ U 1 , we remind ourselves that the model is non-renormalizable by introducing a single vector LQ U 1 , unless the ultraviolet (UV) completion is established to generate the U 1 mass (see e.g. [92] [93] [94] [95] [96] [97] [98] ). The approach will be model-dependent and we will not address it further in this work. However, an insightful analogy comes from the 1-loop Lepton Flavor Violation (LFV) decays i → j γ in the SM with W boson and neutrino running in the loop (see, e.g. [99] [100] [101] ) where one has Γ( i → j γ) ∝ ( m 2 ν m 2 W ) 2 with m ν → 0. In our case with U 1 , the analogies are W ↔ U 1 and ν ↔ τ . More discussions on effects of U 1 at 1-loop level can be found in, e.g. [80] .
Collider search prospects
The 2-body top quark FCNC decays have been searched intensively at the LHC. The current constraints on the Br(t → cγ), Br(t → cg) and Br(t → cZ) are found to be 2 × 10 −3 [102] , 2 × 10 −4 [90, 91] and 2 × 10 −4 [103, 104] , respectively, which are above two orders of magnitude above the predictions in the model presented in Fig. 4 .
As for the 3-body top quark FCNC decays at tree level, our discussions in Sec. 3.1 show that the leptoquark explanation to the R D ( * ) can induce t → cµτ , t → cτ τ and t → cνν with branching ratios around 10 −6 . In the following we perform a quick assessment of the search prospects for the 3-body top FCNC decays at the future LHC.
The LHC is top quark factory, with integrated luminosity of 3000 fb −1 , as much as 2.5 × 10 9 top quark pair events will be produced. There will be ∼ 2500 events which 1 We notice that recently it is shown that heavier MLQ 2 TeV seems to make it easier to pass other flavor constraints when considering R D ( * ) explanation (see e.g. [81, 84]) include at least one FCNC decaying top if the leptoquark explanation to the R D ( * ) is true. In order to suppress the multi-jet events and trigger the signal events, we require the other top quark in the top-quark pair event to decay leptonically (t → bW, W → ν). This requirement still gives ∼ 500 top-quark FCNC events. The dominant SM backgrounds are tt with both top quarks decay through t → bW , diboson production (VV), Drell-Yan process (DY) and W +jets events. The following preselection will be applied to pick out the final state for each top quark FCNC decay mode.
• Selection 1: Exactly one lepton, at least three jets including exactly one b jet and two τ jets.
• Selection 2: Exactly two leptons, at least one muon, at least 2 jets including exactly one b jet and one τ jet. The τ jet tagging efficiency is 60% with a QCD jet mis-identification rate of 1% and 5% for p T < 40 GeV and p T > 40 GeV, respectively. We set the b-tagging efficiency to be 68 %, and the corresponding mis-tagging rates for the charm-and light-flavor jets are 0.12 and 0.01 [105] . Table 2 . The number of signal and background events after selections at 13 TeV LHC with integrated luminosity of 3000 fb −1 . The tt processes with one top being decay leptonically and the other decay though FCNC processes (as shown in the last three columns, each with branching ratio of 10 −6 ) are considered as the signal. The W +jet events in Selection 1 and 2 are negligible because of low statistics after the requirement of b and τ jets.
VV
The number of signal and background events after selections at HL-LHC are provided in Tab. 2, in which the W +jet events in Selection 1 and 2 are negligible because of low statistics after the requirement of b and τ jets. We can see that after the preliminary selection, the tt is dominant SM background process and it is 10 4 -10 5 times larger than signal processes. We have also checked that the distributions of the kinematic variables such as the transverse momenta of leptons and taus, the angular difference between tau and muon for cµτ as well as the reconstructed FCNC decaying top invariant mass. We found that they are similar for signals and backgrounds. So we expect that the simple cut and count analysis would not work for probing these signals with high significance and more advance techniques such as multivariate analysis would be needed. We leave the dedicated analyses in future works.
Conclusion
In this work we studied the correlation between the interpretations of R D ( * ) anomaly in B meson decay using leptoquark models and the top quark FCNC decays, i.e. t → c i j at tree level and t → cV at 1-loop level, with being the SM leptons and V = γ, Z, g being the SM gauge bosons. We focus on scalar LQ S 1 and vector LQ U 1 which are both singlet under the SM SU (2) L gauge group. Utilizing the 2σ parameter fit ranges from the existing literatures, we find that Br(t → c i j ) at tree level can reach 10 −6 ∼ 10 −5 and the 1-loop process Br(t → cg) can reach 10 −7 ∼ 10 −6 . We also provided quick estimations of the collider searches prospects, the result of which is not that promising. More refined collider analyses are desirable which are left for future works. 
Appendix
As an illustrative example, here we present the S 1 contribution to Wilson coefficients A γ2 , B γ2 in Eq.(3.5) of tcγ vertex obtained using FlavorKit/PreSARAH [106] embedded in SARAH [107] . For easy references, we fully follow the notation conventions of Fla-vorKit/PreSARAH without extra manipulations.
In the following, i, j and a, b, c are flavor indices of quarks and leptons, respectively, while Γ (...) (...) are interaction vertices provided later. Those special three-point C-functions are defined specifically for the massless gauge bosons such as photon 2 .
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